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ABSTRACT 
Some rare earth phosphate minerals are associated with fluorapatite (FAP) in phosphate ores 
which make them a potential source of rare earth elements (REEs), to satisfy the increasing 
demand of REEs, especially for green energy technology and new energy materials. Previous 
studies have shown that the leachability of different elements which may be categorised as 
REEs and non-REEs in different acid solutions with the possibility of selective leaching of 
non-REEs by phosphoric acid to produce a REE rich leach residue which can be processed 
separately. This study investigates the dissolution of calcium, phosphate, fluoride and REEs 
from a rotating disc of a natural FAP mineral sample in perchloric, hydrochloric, nitric, 
sulphuric and phosphoric acid solutions under various leach conditions including different 
acid concentrations and temperatures and compares the results with batch leaching of natural 
FAP mineral and RE-FAP concentrate particles.   
The dissolution rate of REEs, which occur as minor elements in FAP mineral disc, are lower 
than that of the major elements: Ca, P and F. Higher dissolution rate of calcium from FAP 
disc in solutions of HCl, HNO3 and H2SO4 compared to HClO4 at high acid concentrations 
are due to the influence of Cl-, NO3
- and SO4
2- ions, caused by association with Ca2+ ions in 
disc leaching, but precipitation of CaSO4 retard particle leaching in H2SO4. Despite the lower 
leaching rates of REEs due to low abundance of REEs on FAP mineral disc surface, the rates 
in  0.5 mol L-1 acid solutions follow the order H2SO4 , HNO3 > HCl > HClO4 > H3PO4 
indicating the beneficial effect of ion-association of the type RE(III)-sulfate/nitrate compared 
to RE(III)-phosphate precipitation. The higher leaching efficiencies of REEs in H3PO4 during 
first 10 min also decreases with prolonged leaching due to RE(III)-phosphate precipitation. 
The leaching efficiencies of Ca, Sr, Fe, Al and Mg are in the range 50-100% in 3.25 mol L-1 
HCl, HNO3, HClO4 and H3PO4, compared to REEs, Th and U which vary in the range 20-
80%, depending upon the formation of complex species or precipitation. A comparison 















similarities in leaching behaviour in different acids is also presented highlighting the 
exceptional behaviour of phosphoric acid to selectively leach majority of non-REEs leaving 
REEs and silica in the leach residue. 
The surface reaction kinetic models and mechanisms are used to show that the dissolution 
reaction of calcium is mainly controlled by a chemical phenomenon in strong acids and 
phosphoric acid at the temperature range 25-50 oC. The experimental reaction orders with 
respect to H+ concentration in HCl, HNO3, HClO4, H2SO4 and H3PO4 in the range 0.46-0.93 
for the dissolution reaction of calcium and/or phosphate are explained on the basis of 
stoichiometric dissolution and the influence of ion-association of anions with H+ and Ca2+.   
Key words:  
Fluorapatite, concentrate  and rare earth elements; rotating disc; kinetic models; ion-
association; hydrogen ion diffusivity; selective leaching  
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1. Introduction 
              Natural fluorapatite (FAP) is considered as a rare earth (RE) concentrating 
phosphate mineral (Aplan, 1988). The increasing demand, especially for green energy 
technology and new energy materials (NEM), has enhanced the need to develop processes for 
extracting rare earth elements (REEs) from concentrates and low grade rare earth-fluorapatite 
(RE-FAP) ores (Wu et al., 2018).  However, the development of process flowsheets for RE-
FAP ores pause many challenges due to the complex chemistry of a large number of major, 
minor and trace elements associated with such ores in various unit operations such as 
leaching, and precipitation involved in the extraction process (Bandara and Senanayake, 
2015; Bandara et al., 2018, Gupta and Krishnamurthy, 2016; Mackowski et al., 2011; 
Peelman et al., 2014; Senanayake et al., 2016; Stone et al., 2016; Wu et al., 2018).  As shown 
in Appendix 1, the conventional treatment method for RE-phosphate concentrates involves 















with respect to REEs require an acid pre-leach to selectively leach FAP. The acid pre-leach is 
expected to produce a liquor containing ions from FAP with minimum leaching of REEs and 
a residue enriched in REEs.  The pre-leach liquor as well as the leach residues can also be 
treated using the conventional/proposed flowsheets shown in Appendix 1.  
 The dissolution of FAP involves the release of calcium, phosphate and fluoride ions to 
the solution as shown in the general stoichiometric reaction  in  Equation 1, which ignores 
(for simplicity) the protonation of phosphate and fluoride anions, formation of various 
aqueous complex species of calcium ions and precipitation of solids listed in Tables 1 and 2. 
However, such reactions may interfere with the stoichiometric dissolution of Ca, P and F 
contributing to the complexity of process chemistry. The rate relationships for the 
stoichiometric dissolution are given by Equations 2-4, where RY and NY   represent the rate of 
dissolution of Y per unit area (mol m-2 s-1) and dissolved moles of Y per unit area (mol m-2) at 
time t, respectively (Y = Ca, P or F).  























=  0.2  (4) 
 
Amongst the reagents tested in this study HCl, HNO3, HClO4 and H2SO4 are strong 
acids as revealed by the large values of acid dissociation constants (Ka), in the descending 
order: HClO4 (>10
9) > HCl (~106-107) > H2SO4 (~10
3) > HNO3 (~10
1) (Munegumi, 2013; 
Ouellette and Rawn, 2014). The measured and predicted hydrogen ion activities in strong 















Senanayake, 2007, Bandara and Senanayake, 2015; Stone et al., 2016) in the concentration 
range 0.1 – 1 mol L-1 as shown in Appendix 2. The anion X- of the acid generally denoted by 
HX (X-  = F-, Cl-, NO3
-, HSO4
- or SO4
2-) can form stable complex species (or ion-pairs) with 
Ca2+ ions.  Sun et al., (2013) showed evidence for the formation of the contact ion-pair 
{Ca(ClO4)}
+ based on two dimensional infrared spectroscopy (2DIR), but the association 
constant of {Ca(ClO4)}
+ species has not been reported. Thus, the comparison of leaching 
behaviour in different acids with that in HClO4 can be used to differentiate the effect of 
anions with different associating/complexing/precipitating ability with cations (Tables 1 and 
2). Despite the availability of evidence for complex formation or ion-association between 
various anions and cations, published studies considering the effect of ion-association in 
kinetic models for the elucidation of reaction mechanisms for dissolution have been limited, 
as described by Crundwell (2014a, 2014b).  
Several studies have focused on detailed acid leaching kinetics of FAP particles (Al-
Othman and Sweileh, 2000; Antar and Jemal, 2008; Brahim et al., 2008; Chaïrat et al., 2007; 
Harouiya et al., 2007; Olanipekun, 1999; Sluis et al., 1987). The results from comparative 
studies of the leaching behaviour of natural FAP particles of low grade (Bandara and 
Senanayake, 2015) or high grade (Stone et al., 2016) with respect to REEs in perchloric, 
hydrochloric, nitric and phosphoric acids at 95 oC showed a high leaching rate of calcium, 
phosphate and fluoride from FAP in all strong acids compared to that in weak phosphoric 
acid. Moreover, as shown in Appendix 3, the leaching efficiencies of REEs (0.55% w/w in 
the feed) are lower compared to major elements in FAP. Such detailed leaching and kinetic 
studies on resources of different REE-grades are useful for the development of processes for 
the recovery of valuable metals or value-added products of REEs from low grade ores (Wu et 
al., 2018). However, the rapid and complete (~100%) leaching of calcium, phosphate and 















of 10-30 min as shown in Appendix 3, is problematic for proper investigations of kinetics and 
detailed reaction mechanisms in strong acids.  
The leaching kinetics of FAP can also be tested in short term experiments using a 
rotating flat FAP mineral discs which can provide more reliable information on the effect of 
proton activity, ion association, product layer formation and temperature on rates and reaction 
orders with respect to different reagents, which in turn can be used to propose reaction 
mechanisms in different acid media. Based on previous studies, the FAP dissolution in 
phosphoric acid solutions is a diffusion controlled or chemically controlled phenomenon as 
revealed by the measured activation energy which changes over a large range of 20-101 kJ 
mol-1, depending upon the temperature range, type of FAP and acidity (pH 1-6) (Brahim et 
al., 2008; Dorozhkin, 2012; Harouiya et al., 2007; Huffman, 1957). The calculated values of 
hydrogen ion diffusion coefficient (DH+) by previous researchers are in the range 1.2 x 10
-7 – 
2.3 x 10-7 cm2 s-1 for calcium dissolution from FAP in H3PO4 at 25 
oC (Huffman et al., 1957).  
Hence, this study describes the use of a rotating disc of a natural FAP mineral sample 
of low grade with respect to REEs for a systematic investigation of the leaching kinetics 
which can be used in comparative studies with the batch leaching of FAP and concentrate 
Particles. The main objectives are fourfold: (i) to compare the extent of dissolution of 
calcium, phosphate, fluoride and REEs from a natural FAP sample, in the form of a rotating 
disc, of low grade with respect to REEs, (ii) to compare and contrast the results obtained from 
FAP disc with the results from batch leaching of FAP and concentrate particles, (iii) to 
rationalize the dependence of dissolution kinetics of calcium, phosphate and fluoride ions on 
various inter-related factors in perchloric, hydrochloric, nitric, sulphuric and phosphoric 
acids, and (iv) to investigate the correlations of elemental compositions and leaching 
efficiencies of FAP and concentrate in different acid solutions. The factors include (i) 















temperature and (iv) precipitation of solids on the disc surface. The results are used to 
determine the diffusion or chemically controlled nature of the surface reactions, based on the 
parabolic rate law and activation energies (Ea), and propose reaction mechanism(s) for the 
dissolution of FAP based on the experimental reaction orders with respect to H+ 
concentration determined in this study and the surface reaction kinetic models, published by 
Crundwell (2014a, 2014b).  
2. Experimental 
2.1. Fluorapatite mineral sample and disc 
The natural FAP mineral sample received from ‘Cerro de Mercado’ mine site in 
Durango, Mexico was crushed, ground and digested and quantitatively assayed using 
inductively coupled plasma–atomic emission spectroscopy (ICP-AES) / mass spectroscopy 
(ICP-MS). The XRD analysis was conducted using GBC Enhanced Mini-material Analyser 
(EMMA), Theta-Theta Diffractometer. 
The rotating disc was prepared using a crystal of the natural FAP mineral sample 
described above. It was immersed in an epoxy solution, allowed to settle down under room 
temperature, cylindrically shaped and fitted to a PVC shaft. A flat disc surface was obtained 
by cutting a cross-section using a diamond saw and this surface was smoothened using P800 
and P1200 silicon carbide papers. A schematic diagram of the experimental set up used in 
this study is shown in Figure 1. Several discs of different surface area in the range 0.4-0.7 
cm2 were used in this study with different acid concentrations and temperatures. Therefore, 
the results in Section 3 are presented as concentrations of dissolved species (mol L-1) for the 
same disc of area 0.675 cm2 and moles per unit area (mol m-2) in other cases with different 















2.2. Dissolution studies  
The results for batch leaching of concentrate and FAP particles reported in Appendix 3 
are based on previous studies and/or experiments conducted under the same conditions using 
the same procedure (Bandara and Senanayake, 2015; Stone et al., 2016). The comparative 
dissolution studies based on rotated FAP discs were conducted at 25 oC using five acid 
solutions (HCl, HNO3, HClO4, H2SO4 and H3PO4) at three different concentrations 0.1 mol L
-
1, 0.5 mol L-1 and 1.0 mol L-1 of each acid prepared using Millipore water. The temperature 
dependence on dissolution rates was investigated in 0.5 mol L-1 acid solutions at 25 oC, 50 
oC, 70 oC and 90 oC. The dissolution periods of 0-30 min for strong acids, and 0-120 min for 
weak phosphoric acid were selected due to slow dissolution in the latter. Samples of 1 mL 
volume were withdrawn at different time intervals. A tenfold dilution with Millipore water 
was used for the withdrawn solution samples and assayed for calcium and phosphorous 
(dissolved as phosphate) using ICP-AES/MS instrument (Varian ICP Model Liberty 200). 
The fluoride analysis of the leach liquors was conducted using a commercial fluoride 
combination electrode (Orion, Model 9609BNWP) in conjunction with a Thermo Scientific 
Orion Star A214 Benchtop pH/ISE meter. 
3. Results and discussion 
3.1. Characterization  
According to Table 3, the mass percentages of calcium, phosphorous and fluorine in 
the FAP sample used in this work and previous work (Bandara and Senanayake, 2015) are 
reasonably close.   The presence of some carbonate-FAP is evident from the XRD analysis 
(Figure 2). The elemental assays listed in Table 3 also indicate the presence of minor 
quantities of sodium, magnesium, silicon, sulphur, potassium, iron, strontium and rare earth 















TREEs (total rare earth elements) in the concentrate are much higher than those in FAP 
samples (Table 3). 
3.2. Comparison of dissolution/leaching results in different acids 
The extent of dissolution (CY) where Y = calcium, phosphate, fluoride (mmol L
-1
) and 
Y = REEs (µmol L-1) from the FAP disc in 0.5 mol L-1 acids at 25 oC during the first 30 min 
is illustrated in Figure 3 for comparison. The change in concentration with time is linear in all 
cases, where the rate (slope) does not change with time as expected in rotation disc studies 
due to the constant surface area (Barton and McConnel, 1979). Conversion of these results to 
dissolution per unit surface area (mol m-2) is based on the equation nY = (CY x V)/A, where 
CY is the concentration, V (L) is the volume of solution in the reactor in Figure 1, A is the 
area of the mineral disc (m2) and Y = Ca, P, F or REE. The results of nY obtained using 0.1 
and 0.5 mol L-1 acid solutions at 25 oC over 30 min are illustrated in Figure 4a-d. The 
dissolution results under different conditions, are listed in Table 4. The results in Figure 4 and 
Table 4 show beneficial effects of high acid concentrations and high temperatures (see Table 
4) on the dissolutions of calcium, phosphate and fluoride in all acids tested.  
The values nY (mmol m
-2) for REEs in 0.5 mol L-1 acid solutions are listed in Table 5 
which show much slower dissolution of REEs, compared to the major elements Ca, P and F 
in the FAP mineral disc. The measured concentrations of La and TREEs in Figures 3c-d (in 
µmol L-1) also are lower than the concentrations of Ca and P in Fig. 3a-b (in mmol L-1).    The 
linear dissolution patterns of calcium and phosphate can be observed in all strong acids, at 25 
oC during the entire dissolution period in Figure 4a-d except in 0.1 mol L-1 HClO4. The low 
extent of calcium dissolution in weak phosphoric acid compared to strong acids is also 
evident from Figures 4a and 4c. The slopes of linear relationships in Figures 3 and 4 can be 















HNO3~H2SO4~HClO4>H3PO4. This behaviour is a result of the composite effect of hydrogen 
ion activity and influence of anion (X-) of the acid HX, due to the formation of CaX+ (see 
Table 1).  Likewise, in the case of La(III) and TREEs in Figure 3c-d, the relative rates in 
different acids vary as  H2SO4 > HCl > HClO4 > H3PO4 which can be related to the 
composite effect of hydrogen ion activity as well as the stability of the associated/complexed 
species with anions. For example, the equilibrium constant for the formation of different 
La(III)-anion complexes in Table 2 vary in the order LaSO4
+ (101.29) > LaCl+ (100.48) > 
LaH2PO4
+ (100.28), indicating that anions have an influence on the leaching kinetics of cations 
of REEs, which warrants further detailed studies, beyond the scope of this study.  
These results are consistent with the previous results from our laboratories based on 
RE-FAP particle leaching summarised in Appendix 3A and Figure 5. Higher acid 
concentrations in Figure 5 rapidly leaches Ca and P to 100%, but the precipitation CaSO4 
(pKSP = 2.23, Table 1) retards and seize calcium leaching. The leaching behaviour of REEs 
from FAP particles in Figure 5c-d are consistent with FAP-disc studies in Figure 3b-c. Whilst 
the leaching efficiency of  La(III) in the first 10 min follow the order: HClO4 > HCl > HNO3 
in Figure 5c, the 60% leaching efficiency in HClO4 is comparable with 60% leaching 
efficiency in H3PO4 in Figure 5d. Thus, it appears that the high leaching efficiency in HClO4 
is due to H3PO4 formed in the reaction between FAP and acid (Eq. 1); but prolonged leaching 
seems to precipitate the dissolved La(III) as LaPO4 (pKSP = 4.07, Table 2).   Thus, slow 
dissolution of REEs compared to major elements Ca, P and F from FAP allows the selective 
leaching of FAP using phosphoric acid described previously (Bandara and Senanayake, 2016; 
flowsheet in Appendix 3A2 ).  
A comparison of leaching behaviour of Ca and La in Fig. 6 show a behaviour similar to 
that of FAP disc and particles described in previous figures, proving the consistency of the 















rapid in Figure 6c. Although the lanthanum(III) leaching efficiency increases by about 20%, 
with the increase in acid concentration from 1.30 to 3.25 mol L-1, it differs from calcium as it 
does not reach 100% leaching efficiency.  The lanthanum leaching in H3PO4 also increases 
with the increase in acid concentration, but decreases with prolonged leaching due 
precipitation of LaPO4, as mentioned earlier. It is likely that higher leaching efficiencies 
observed in concentrated acids is a beneficial effect of the formation of associated/complexed 
species of La(III) with protonated phosphate anions, as evident from Table 2. It should be 
noted that although the phosphate and fluoride leached from FAP exist predominantly as 
H3PO4 and HF in strong acid solutions (Table 1) they are capable of forming complex species 
with fluoride and protonated phosphate anions as shown by the favourable values of log K 
(>0) in Table 2. Thus, further studies on actual complex species in leach liquors are 
warranted. 
Further correlations of elemental assays and leaching efficiencies are made later in 
Section 3.6. The stoichiometric dissolution in Equations 1-2 can be tested by considering the 
dissolution correlations of P/Ca and F/Ca described next. 
3.3. Dissolution correlations of P/Ca and F/Ca in different acids 
The correlations of dissolved amounts of calcium, phosphate and fluoride in different 
acids under different conditions are illustrated in Figure 7a-d, in order to compare the effect 
of acid concentration and temperature. The dissolved amounts (nY) of P and Ca at a given 
time were used as y-coordinate and x-coordinate, respectively, of each data point in 
correlation plots in Figure 7a,b,c. Likewise,  F and Ca plot is shown in Figure 7d. The slopes 
of these figures indicate the dissolved molar ratios of P/Ca (Figure 7a-c) and F/Ca (Figure 7d) 
at a given time in the acid solutions at different concentrations and they can be compared 















and Equation 3-4. The stoichiometric dissolution of calcium and phosphate according to 
Equation 1 and 2 is evident in most of the strong acids including HClO4 at concentrations ≥ 
0.5 mol L-1 (Figure 7). In some cases, there are some variations from the expected slopes of 
P/Ca = 0.6 and F/Ca = 0.2. For example, in 0.1 mol L-1 HClO4, the higher initial molar ratio 
of P/Ca ~ 2 indicates the preferential dissolution of phosphate over calcium as evident from 
Figure 7b, but the subsequent decrease in P/Ca molar ratio to 0.60 indicates the beneficial 
influence of initially leached species of phosphate and fluoride for calcium leaching. In most 
of the cases, F/Ca molar ratio is closer to 0.17 instead of 0.2, which indicates that the 
stoichiometry is not necessarily related to the chemical formula of Ca5(PO4)3F, due to various 
contaminants of FAP, as noted in Table 3 and Figure 2. These results highlight the 
importance of comparing the initial rates of dissolution of calcium in complexing acids with 
that in non-complexing perchloric acid. Amongst the acids, HClO4 introduces the ClO4
- ion 
which generally does not affect the complex formation or precipitation reactions with the 
metal ions (Tables 1-2) considered in this study at relatively low concentrations (≤ 1 mol L-1).  
The initial rate of dissolution of Ca, P and F per unit geometric surface area of the mineral 
disc (mol m-2 s-1), described in the next section, is generally given by the initial slope of the 
plot of dissolved amount as a function of time, such as Figure 4.  
3.4. Initial rates, parabolic rate law and activation energy 
Table 6 lists some of the literature data of initial dissolution rates   of calcium per unit 
surface area of synthetic FAP particles. It also includes the data from rotated natural FAP 
mineral disc with a known surface area in phosphoric acid solutions.  These two sets of data 
for synthetic and natural FAP based on the dissolution of particles and discs, reported by 
Huffman et al. (1957), show some discrepancies in solutions of 0.008, 0.024 and 0.65 mol L-1 
H3PO4. However, as shown in Table 6 and Figure 8, the measured values in this work with 















(1957), despite the differences in the surface area of the discs, used in the two studies noted 
in Table 6.  The calculated initial dissolution rates of calcium and phosphate in different acids 
in the concentration range 0.1-1.0 mol L-1 from this study are listed in Table 7. High 
concentrations of acid and temperatures are favourable for the initial rates of dissolution of 
both calcium and phosphate in all acids (Table 7).  
Although the dissolution patterns of both calcium and phosphate in 0.1 mol L-1 acid 
solutions are expected to be linear, similar to those in other strong acids, they follow 
parabolic type behaviors in solutions of HClO4 (0.1 mol L
-1) and H3PO4 (0.1 mol L
-1) as 
shown in Figure 9a. The absence of an anion capable of forming a relatively stable complex 
species with calcium ions in 0.1 mol L-1 HClO4, which offers a relatively low hydrogen ion 
concentration, suggests the possibility of the precipitation of calcium in the form of insoluble 
solids listed in Table 2 as a product layer which builds up on the mineral disc surface. The 
un-dissociated H3PO4 (predominant) and H2PO4
- are the available species in this solution, at 
the measured pH of 1.42 (Bandara and Senanayake, 2015). Moreover, low acidity and proton 
activity in H3PO4 causes a slow release of calcium from the FAP lattice which may 
precipitate with H2PO4
- ions in the solution as hydrated monocalcium phosphate 
(Ca(H2PO4)2.xH2O) on the disc surface (Brahim et al., 2008).  The initial blockage of the 
surface reaction can be further examined using the parabolic rate equation expressed by 






















) t = kpt,  where kp = 
2DH+zCH+
Mza
, α =  
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Other terms are as follows:   
n
A
 = dissolved species per unit surface area (mol m-2), C = 
concentration of reagent (mol m-3), kp = parabolic rate constant (mol
2 m-4 s-1), D = diffusion 
coefficient through the product layer (m2 s-1),  = density (g m-3) and M molar mass (g mol-1) 
of the mineral, respectively. It is assumed  that the mineral and the product layer have same 
density,  α = 1/a, and a = stoichiometric factor for the dissolution reaction in Equation 6, 
assuming the reaction with H+ is rate controlling. For the dissolution of Z, for example, given 
by Equation 7 the terms ρZ and MZ represent mass of Z per unit volume of mineral (g m
-3) and 
molar mass of Z (g mol-1), respectively. If a dissolution reaction of Z obeys the parabolic rate 
law, a plot of  
nz
A
 as a function of t1/2 (Equation 5, 7) should give a straight line through the 
origin with a slope of (kp)1/2 .  
The linear change in dissolved Ca or P per unit area (mol m-2) as a function of t1/2 in 
Figure 9b supports the parabolic dissolution model in the first 10-15 min, with the slopes 
represented by Equation 8. The change in pH during this period is negligible as shown in 
Figure 9a, indicating that CH
+ remains unchanged. 
Slope = kp





















FAP   
×  % of Ca in FAP
100 × MCa
 (9) 















Table 8 lists the calculated values of DH+ for calcium dissolution at 25 
oC from this 
study using the slopes in Figure 9b and substituting other values.  . The reasonable agreement 
of DH+ ~ 1 x 10
-7 cm2 s-1 from this study with the literature data in the range 1.2 x 10-7 to 2.3 
x 10-7 cm2 s-1 for calcium dissolution from FAP in H3PO4 at 25 
oC (Huffman et al., 1957), 
supports the view that the protonation of phosphate is the first step of dissolution. In 0.1 mol 
L-1 HClO4 and 0.1 mol L
-1 H3PO4 there is a build-up of a product layer on the disc surface 
due to low acidity. The diffusion of H+ through a product layer is rate controlling as evident 
from the results which obey the parabolic rate law.  
Selected Arrhenius plots for the initial dissolution rates of calcium and phosphate in 
HCl and H2SO4 are illustrated in Figure 10 and the activation energies (Ea), obtained from the 
slopes related to all acids, are listed in Table 9. The values of Ea for the dissolution of 
calcium and phosphate, are in the range of 40.0-47.0 kJ mol-1 in all strong acids, suggesting 
that the reaction mechanism of releasing both calcium and phosphate into the solution by 
breaking the FAP lattice is largely governed by a chemically controlled phenomenon. The 
calculated Ea values change from 49.1 kJ mol
-1 at 25-50 oC to 21.4 kJ mol-1 at 50-90 oC in 
H3PO4 indicating a change in the dissolution mechanism of calcium from a chemically 
controlled phenomenon to a diffusion controlled phenomenon at elevated temperatures.  
3.5. Reaction orders and mechanisms 
3.5.1 Reaction orders 
The initial dissolution rate of FAP can be expressed in terms of H+ concentration as 
follows: 
Initial dissolution rate = k[H+]n (10) 
















where, k = rate constant and n = order of the reaction with respect to concentration of H+ 
ions. All graphical representations of logarithmic plots of the initial rates of dissolution as a 
function of H+ concentration in strong acids  illustrated in Figure 11, provide slopes (reaction 
orders) and intercepts listed in Table 10. The close values of the intercepts for both calcium 
and phosphate indicate similar rate constants for the dissolution reactions of these two species 
in each acid type (Table 10). Figure 11e shows a logarithmic plot of the initial rates listed in 
Table 6 as a function of H+ concentration (based on measured pH). It shows a reasonably 
good linear relationship and hence, good agreement of results, based on this work and 
literature data (Huffman et al., 1957). For all acids, the reaction order for the dissolution of 
calcium and phosphate with respect to H+ is in the range of 0.4-0.9 (Table 10). 
3.5.2 Reaction mechanisms 
Crundwell (2014a) modelled the dissolution mechanisms of minerals of the type MaAn 
composed of a metal cation Mn+ and anion Aa- in both acidic and alkaline solutions. The 
proposed models enabled the prediction of a series of values for the reaction order (0.25, 0.5, 
1.0 and 1.5) with respect to activity or concentration of H+ or OH- ions in the solutions. 
Moreover, the reaction order of dissolution of these types of minerals with respect to the 
anion concentration has been found to be 0.5 by considering the effect of anion (X-) which 
forms a complex species MX+(n-1) with Mn+.  This shows the significance of the effect of ion 
association on the dissolution kinetics of minerals (Crundwell, 2014a, 2014b).  
In order to extend the kinetic model proposed by Crundwell (2014a, 2014b) to the results 
from this study, Ca5(PO4)3F is considered as a mineral composed of one type of metal cation 
(Ca2+) and two types of anions (PO4
3- and F-) in the form MaAnBp where 2a = 3n + p, based 



















-, which are similar to the 
anions considered by Crundwell (2014a, 2014b). The dissolution mechanisms of minerals 
proposed by Crundwell (2014a) provide guidance in the discussion of the reaction 
mechanism.  
(a) Crundwell model 
Crundwell (2014a) notes that the atoms in a mineral solid are bonded by covalent or 
ionic bonds. In the process of dissolution, the atoms of the solid become less bonded to one 
another due to the possibility of forming energetically more favourable bonds with water 
molecules or other species in the aqueous phase. For example, the calcium ions at the FAP 
surface are denoted by ∎Ca(sur)  which produces Ca(aq)
2+ +  ∎(sur)
2− , after dissolution of 
calcium from the lattice. Thus, as the bonds break, solid dissolves and atoms of the solid 
become charged after the departure from the mineral surface. Thus, the solid(b)-solution(b) 
interface (b = bulk) is considered to be charged as a result of (i) discontinuation of the solid 
structure leaving unsaturated bonds and (ii) the adsorption of charged species in solution onto 
the surface (Crundwell, 2014a). In his model, with reference to previous work (Memming , 
2001; Miller et al., 1995; Bockris and Reddy, 1970; Morrison, 1980), Crundwell (2014a) 
considers  the charged solid-solution interface made up of three regions of potential 
difference known as: 
(i)  the space-charge layer of thickness ~1000 x 10-10 m, between bulk solid and the surface 
of the solid,   
(ii)  the Helmholtz layer or ‘outer Helmholtz plane’ (OHP) of thickness ~3 x 10-10 m, which 















 (iii)  the Gouy-Chapman layer of thickness ~100 x 10-10 m, which occurs between the OHP 
and the bulk of the solution. 
The electric field which represents the change in potential as a function of distance is 
greatest across OHP, compared to that across the Gouy layer, due the high concentration of 
background electrolyte in the bulk during leaching.  When the species at the surface of a solid 
breaks its bond with the lattice, it forms an ion and moves into the solution under the 
influence of a potential difference between the solid-solution phases. Moreover, as the 
distance from the surface increases the bond between the dissolving species and solid become 
weaker and that between the species and solution (solvent) become stronger. Thus, the 
dissolution process, like other chemical/electrochemical reactions, is subjected to an 
activation energy barrier with the highest point in the barrier which occurs closer to the mid-
point of the distance between mineral surface and OHP. The activation energy barrier is 
dependent on temperature and the electrical field in the Helmholtz layer where the latter can 
be denoted by the potential difference (ΔV) between the surface and OHP (Crundwell, 
2014a). This leads to an exponential relationship between ΔV and rate of dissolution of 
species for an elementary reaction as described in the next section.  
The dissolution of FAP in acidic solutions involves the removal of calcium from the 
disc surface by the action of aqueous species at the outer Helmholtz plane (OHP), forming 
Ca2+ ions in the solution (Reaction 12).  Likewise, the removal of phosphate and fluoride 
from the mineral disc by the reaction with H+ ions occur at the OHP forming HyPO4
(y-3) and 
HzF
(z-1) ions, respectively, in the solution (Reaction 13 and 14). Figure 12 illustrates this 
dissolution process in four schemes: (a) calcium as Ca2+, (b) calcium as {CaX}+, (c) 















As noted by Crundwell (2014a), the OHP is considered as the distance of the closest 
approach of non-adsorbed ions (Figure 12). The Helmholtz layer corresponds to the region 
between the disc surface and the OHP which also refers to the charged interface region and 
hence a potential difference and an activation barrier for the removal of calcium and other 
ions from the disc surface occurs within this region. 
(b) Application of Crundwell model for stoichiometric dissolution of FAP 
Reactions 12, 13 and 14 which are assumed to be independent elementary reactions 
which represent the dissolution of calcium, phosphate and fluoride from the FAP disc 
surface.  Hence, the order of the reaction with respect to the concentration of each reactant is 
considered as the stoichiometric coefficient of the reaction.  Based on Crundwell’s proposal 
(Crundwell, 2014a), the rates of Reactions 12, 13 and 14 are given by Equations 15, 16 and 
17, respectively, and these rate expressions are derived on the basis of the dissolution of FAP 
at conditions far from the equilibrium, assuming that the forward reaction is much faster than 
the reverse reaction. 
∎Ca(sur) +  wH2O =  Ca(aq)
2+ + ∎(sur)
2−  (12) 
∎PO4(sur) +  yH
+ =  HyPO4
y−3 +  ∎(sur)
3+  (13) 
∎F(sur) +  zH
+ =  HzF
z−1 + ∎(sur)
+  (14) 




)  (15) 
rPO4
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R = gas constant 
T = temperature 
F = Faraday constant 
∆V = 
potential difference between disc 
surface and the OHP in Figure 12 
∎A(sur)  = 
species (A = Ca, PO4 and F) on the disc 
surface 
∎(sur),
2−    ∎(sur),
3+    ∎(sur),
+    = 
amount of charge occupied by the 
surface due to release of Ca, PO4 and F, 
respectively 
kCa2+ , kPO43−  and kF−  = rate constants 
[Ca(sur)], [PO4(sur) ]  and [F(sur)] = 
surface concentrations of Ca, PO4 and 
F, respectively  
[H+] = concentration of H+ ions 
w, y, z = 
stoichiometric coefficients in the rate-
determining steps in the release of Ca2+, 
PO4
3- and F-, respectively, from the disc 
surface 
σCa2+ ,σPO43−  and σF− = 




3−  and rF− = 
rates of dissolution of Ca2+, PO4
3- and 
F-, respectively. 
The overall reaction between FAP and HX is given by Equation 18. Considering the 
stoichiometric dissolution, the relationship of the rates of dissolution of calcium, phosphate 
and fluoride is given by Equation 19. 

























Then the term rCa2+  can be expressed by Equation 20. Likewise, rPO4
3−  and rF− can be 
expressed using the relationship in Equation 19. The detailed derivation of Equation 20 is 
presented in Appendix 4 (Equation 8 in Appendix 4). 
rCa2+ = k[H
+]0.5y = k/ [H+]0.5z  (20) 
The values of  y = z = 1 (Equation 20) assumes the involvement of one H+ ion to 
release each phosphate and fluoride ion from FAP in HX acids (Figure 12), as shown in 
Equation 21 and 22, without the involvement of X-. This suggests a reaction order of 0.5 with 
respect to [H+], which agrees reasonably well with the reaction orders of 0.48 and 0.46 in 
Figures 11c and 11e, respectively. Thus, the dissolution of FAP in HClO4 and H3PO4 appears 
to be stoichiometric. High reaction orders of 0.9 in HCl and HNO3 indicate the need to 
consider the association of Ca2+ with anions, i.e. complexation of the type CaX+.  
∎PO4 (sur) +  H
+ =  HPO4
2− + ∎(sur)
3+  (21) 
∎F(sur) + H
+ =  HF0 +  ∎(sur)
+  (22) 
 
(c) Rate equation considering CaX+ complexation 
Figure 12 and Equation 23 illustrate the release of Ca2+ from the disc surface by 
complexing with X- ions. The rate of this reaction is given by Equation 24:  
∎Ca(sur) + X
− +  wH2 O =  CaX(aq)
+ + ∎(sur)
2−  (23) 




















 This rate expression for rCa2+   can be further simplified as in Equation 25. The detailed 
derivation of this equation is presented in Appendix 4 (Equation 12 in Appendix 4).  The rate  
rPO43−  can be expressed by Equation 26 using the relationship in Equation 19. 
rCa2+ =    k[X
−]0.5[H+]0.5y  = k/[X−]0.5[H+]0.5z  (25) 
rPO4
3− =    
3
5
k[X−]0.5[H+]0.5y  = 
3
5
k/ [X−]0.5[H+]0.5z  (26) 
The investigation of the applicability of the above proposed dissolution mechanism is 
limited to the acid solutions in which the stoichiometric dissolution of FAP occurs. The 
stoichiometric dissolution of calcium, phosphate and fluoride is evident in HCl, HClO4, 
HNO3 and H2SO4 from the dissolution correlations (Figure 7).  
 The involvement of X- through strong ion association with Ca2+ results in the total 
order of the dissolution reaction of calcium being 1.0 for y = z = 1 (total order of the 
dissolution reaction of calcium = 0.5(1 + y) or 0.5(1 + z); Equation 25). The reaction orders, 
obtained in HCl and HNO3, are 0.93 and 0.89, respectively (Table 10). Hence, the 
involvement of both H+ ions and anions (Cl- and NO3
-) can be suggested based on the total 
order calculated from Equation 25.  
Moreover, the order of the dissolution reaction of calcium with respect to Cl- and NO3
- 
ion concentrations can be taken as 0.45 and 0.41 by subtracting the order with respect to [H+] 
obtained for HClO4 (0.48) from those obtained for HCl and HNO3 (0.93 and 0.89), 
respectively, due to the assumption that non-complexing ClO4
- is not involved in the 
dissolution reaction of calcium in HClO4 as discussed above. These two values, 0.45 and 0.41 
are reasonably close to the order of 0.5 obtained for the dissolution reaction of calcium with 
respect to X-  from the proposed model (Equation 25). The stability constants of {CaCl}+ and 
{Ca(NO3)}















The association between Ca2+ and SO4
2- ions forming the stable {Ca(SO4)}
0 aqueous 
complex is beneficial, but the precipitation of CaSO4.2H2O and/or CaSO4.0.5H2O on the disc 
surface as a product layer is detrimental for the dissolution of both calcium and phosphate in 
H2SO4. Sulphuric acid can also be considered as HX type acid (X
- = HSO4
-) in this study 
since the pH values of H2SO4 solutions are lower than the second dissociation constant of 
H2SO4, pKa2 (pH < 1.92 at 25 
oC). The reaction order of the dissolution reaction of calcium in 
H2SO4 is 0.63 (Figure 11d and Table 10). Besides the contribution of H
+ ions to a reaction 
order of 0.5 discussed under HClO4, a beneficial effect due to the formation of {Ca(SO4)}
0 
can also be suggested from the experimental order of 0.63 which is larger than 0.5.  
3.6. Comparison of FAP and concentrate leaching 
The leaching behaviour of elements is largely governed by the mineralogy of FAP 
(Fig. 3) and concentrate (Stone et al., 2016), elemental composition (Table 3) and the acids 
used as lixiviants. As described in  previous sections, the results from rotating discs are useful 
in the elucidation of reaction mechanism based on relative rates and rates per unit surface 
area which can be used to examine the reaction orders, stoichiometric dissolution, product 
layers formed due to precipitation and the diffusivity of ions through product layers.  The 
main purpose of this section is to compare and contrast the behaviour of major and minor 
elements during the leaching of FAP and concentrate, based on the elemental assays and 
leaching efficiencies. 
Fig. 13 plots the compositions (% w/w) of non-REEs in the two FAP samples (FAP-1 
and FAP-2) as a function of that in the concentrate. Reasonably linear relationship is a result 
of the comparable mineralogy proposing similar leaching behaviour of elements in 
concentrate and FAP of low grade in REEs. The exception is that the concentrate has a higher 















13a, while the % (w/w) of Al in FAP is unmeasurably low. Mineralogical analysis of the 
concentrate shows the presence of quartz/silicate minerals (Stone et al., 2017). The total % of 
REEs in the concentrate (4.91%) is much higher than that in FAP-1 (0.55%) and FAP-2 
(1.24%) (Table 3). Due to this difference, Fig. 13b plots composition of each rare earth 
element as a percentage of the total REEs for comparison of the three different sources i.e. 
the REE composition in FAP-1 and FAP-2 as a function of that in concentrate. The 
reasonably good linear correlation shows the similar mineralogy of the three REE resources, 
again proposing similar leaching behaviour assuming that there is no influence of the non-
REEs present in each of them. 
 
Appendix 3B shows leaching efficiencies of different elements from the concentrate 
calculated from the solution analysis. Appendix 5 shows the results on the basis of the solid 
and liquor analysis in HCl and H3PO4 and mass balance i.e. leaching efficiency of an element 
= (leached amount in solution)/(leached amount in solution + unleached amount in 
residue)*100. Figure 14 plots the leaching efficiency of different elements different acids as a 
function of that in H3PO4. In general, the leaching behaviour of major and minor elements in 
HCl, HNO3 and HClO4 show a reasonably linear correlation, with minor differences 
corresponds to the differences in association/precipitation.  For example, high leaching 
efficiencies of both Ca and Sr in all acids show the stability of the ion-associates of these 
cations with protonated phosphates (Table 1). The outliers Fe and Al, above the line of slope 
1 in Figure 14 can be related to the strong complexation of Al(III) and Fe(III) with both 
fluoride and phosphates (Stone et al., 2016). In contrast, the low leaching efficiencies of 
REEs, Th(IV) and U(VI) in H3PO4 in Figure 14a, further exemplified in Figure 14b, is due to 
the precipitation of phosphates (Stone et al., 2016). These cations form complex species with 















FAP), as evident in Table 2 and from the previously reported equilibrium constants (Stone et 
al., 2016). Fig. 15 plots the leaching behaviour of various elements from concentrate in 
H3PO4 as a function of that in HCl, based on the data in Appendix 4. There is a good linear 
relationship for the data points for non-REEs in HCl indicating similar leaching behaviour in 
H3PO4 and HCl. However, the leaching efficiencies of REEs in H3PO4 are much lower 
compared to those in HCl, due to precipitation of RE-phosphates (Stone et al., 2016) which 
allows selective leaching according to the flowsheet reported previously (Appendix 1, Stone 





4. Conclusions  
Comparative studies based on rotating discs and batch leaching of FAP and concentrate 
particles show consistent results. They rationalise the leaching behaviour according to 
strength of acids represented by H+ activity, associating/complexing/precipitating nature of 
anions which facilitate leaching or selective leaching. The three acids HClO4, HNO3 and HCl 
rapidly leach FAP with partial leaching of REEs, compared to H3PO4 which facilitate 
selective FAP leaching due to precipitation of REEs, thorium and uranium as phosphates. 
The leaching behaviour of other elements such as Mg, Al, Fe depends on the complexing 
ability of anions produced by acids.  
Detailed studies based on rotating discs provide useful information on the dissolution 
behavior of calcium, phosphate and fluoride ions from FAP, leading towards several 















that of HClO4 at a given concentration (Appendix 2), higher dissolution rates of calcium from 
FAP in these three acids compared to HClO4 at ≥ 0.5 mol L
-1 are due to the influence of Cl-, 
NO3
- and SO4
2-, caused by ion-association with Ca2+. The overall effect of different proton 
activities and the stability of {CaX}+ species lead to a descending order of the initial 
dissolution rates of calcium in acids: HCl > HNO3 > H2SO4. The low concentration of H
+ in 
H3PO4 is responsible for the low dissolution rate of calcium in H3PO4 compared to that in 
strong acids. The calculated diffusivity of H+ from this study is in reasonable agreement with 
the literature data indicating the surface blockage by an insoluble solid phase. In most of the 
strong acids, the stoichiometric dissolution of calcium and phosphate at a molar ratio of P/Ca 
= 0.6 can be observed. Slow dissolution of REEs compared to major elements Ca, P and F 
from FAP allows the selective leaching of FAP using phosphoric acid described previously. 
Based on the activation energies, the dissolution mechanisms of calcium and phosphate 
are mainly controlled by a chemical phenomenon in HCl, HNO3, HClO4, H2SO4 and H3PO4 
(at 25-50 oC), while the dissolution mechanisms of calcium in H3PO4 (50-90 
oC) is controlled 
by a diffusion only phenomenon. The proposed reaction orders from the dissolution 
mechanisms developed for FAP agree well with the experimentally obtained reaction orders 
for the dissolution reactions of calcium and/or phosphate with respect to that of H+ 
concentration in HCl, HNO3, HClO4 and H3PO4. 
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Table 1. Stability or association constants (K1 or β1) of hydrogen and alkali/alkaline earth 
metal ions 
Anion 
















 2.91 -0.24  0.53 1.82  
Cl
-
 -6.0* -0.60 , -0.74 -0.51 0.43 -0.41 -0.24 
NO3
-
 -1.45* (-0.30 to -0.50) -0.26 0.68, 0.70  0.06 
SO4
2-
 1.92 0.65, 0.70 0.85 2.23 2.37 2.29 
H2PO4
-
 2.12 0.09 0.07 1.41   
HPO4
2-
 7.21 0.69 0.50 2.58 2.74 1.20 
PO4
3-
 12.3      
At 25 oC and ionic strength 0–1; * negative values imply strong dissociation of HCl and HNO3 
(Data from Daniele et al., 1991; De Robertis et al., 1995; Högfeldt, 1982; HSC 7.1 database; Mendham et al., 2007; 


















Table 2. Formation constants of solids or ion associates of calcium and lanthanum(III) ions 












 = CaF2(s) 10.5 
Ca
2+














































































 + 2H2O = CaHPO4.2H2O (s) 6.81, 6.56 
Ca
2+














 + 2H3PO4 
 










 Fluoride  La
3+






































 + H3PO4 = LaPO4(s) + 3H
+
 4.07 
Gregory et al., 1970; Moreno et al., 1966; Olmsted and Williams, 2007; Zumdahl and Decoste, 2012.  





















Table 3. Elemental assays of feed materials 
Element Mass % 




0.25 0.01 - 0.22 13.4 2.00 0.09 0.13 34.9 0.21 0.05 - - 1.24 
Previous worka 
(FAP-1) 0.19 0.01 - 0.09 12.6 2.11 0.00 0.09 33.8 0.22 0.32 - - 0.55 
Previous workb 
(Concentrate) 
0.13 0.49 2.23 9.05 7.95 1.70 0.10 0.58 24.8 2.64 0.28 0.48 0.03 4.91 






















Dissolved amounts of Ca, P and F in different acid solutions (mol m-2) after 30 min 
0.1 mol L-1 
(25 oC) 
0.5 mol L-1 
(25 oC) 
1.0 mol L-1 
(25 oC) 
0.5 mol L-1 
(50 oC) 
0.5 mol L-1 
(70 oC) 






HCl 0.22 1.07 1.85 5.56 11.1 25.9 
HNO3 0.19 0.86 1.62 4.04 8.59 - 
HClO4 0.32 0.76 1.03 2.29 7.11 - 
H2SO4 0.30 0.83 1.19 3.54 7.32 - 
H3PO4 0.16 0.22 0.28 1.02 1.75 2.44 
 
P 
HCl 0.13 0.67 1.15 3.34 6.93 16.2 
HNO3 0.11 0.52 0.98 2.48 6.19 - 
HClO4 0.36 0.47 0.59 1.51 4.44 - 




HCl 0.04 0.19 0.32 0.89 1.63 3.50 
HNO3 0.04 0.14 0.28 0.70 1.74 - 
HClO4 0.05 0.13 0.19 0.50 1.27 - 
H2SO4 0.05 0.14 0.19 0.57 1.25 - 
H3PO4* 0.09 0.14 0.16 0.56 1.61 1.41 


















Table 5. Comparison of Dissolved amounts of non-REEs and REEs from disc study 
 Major elements (mmol m-2) Minor elements (mmol m-2) 
Acid type Ca P F La Ce Pr Nd 
HCl 1070 670 190 2.35 2.94 0.26 0.86 
HNO3 860 520 140 2.78 3.50 0.32 1.02 
HClO4 760 470 130 1.67 2.06 0.18 0.61 
H2SO4 830 490 140 2.82 3.61 0.32 1.05 
H3PO4* 220 - 140 0.45 0.52 0.04 0.15 
Acid concentration = 0.5 mol L-1; Temperature = 25 oC; dissolution time = 30 min (*120 min); rotation speed = 450 rpm; 




























Initial dissolution rate of calcium 











0.008 2.34 458 1217 3.44   
0.024 2.00 458 590 5.26   
0.20 1.39 458 1212 7.24   
0.65 1.00 458 1208 9.62   
0.008 2.34 458 4.0-7.8  2.05  
0.024 2.00 458 4.0-7.8  3.82  
0.65 1.00 458 4.0-7.8  18.1  
0.10 1.42 450 0.675   9.20 
This work 0.50 0.85 450 0.675   12.3 
1.0 0.55 450 0.675   16.2 






































HCl HNO3 HClO4  H2SO4 H3PO4 
Ca  P  Ca P Ca P Ca P Ca 
0.1 25 1.22 0.75 1.15 0.63 1.92 10.1 1.72 1.02 0.92 
0.5 25 5.87 3.58 4.72 2.85 4.4 2.65 4.57 2.73 1.23 
1.0 25 10.2 6.23 9.0 5.32 5.62 3.17 6.52 3.78 1.62 
0.5 50 29.5 17.7 22.3 13.5 14.3 8.33 19.1 10.9 5.7 
0.5 70 67.3 41.4 49.3 33.8 36.8 22.9 41.6 24.2 9.83 
0.5 90 141 87.7 - - - - - - 13.6 









































HClO4 0.1 25 1.0 This work 
H3PO4 0.1 25           0.7 
H3PO4
(a)
 0.2-0.7 25 1.2-2.3 Huffman et al. (1957) 




























HCl 25-90 43.9 44.2 
HNO3 25-70 44.7 46.9 
HClO4 25-70 40.0 40.5 
H2SO4 25-70 42.1 41.4 
H3PO4 
25-50 49.1  
50-90 21.4  

















Table 10. Reaction orders and rate constants for dissolutions of calcium and phosphate 







Ca P Ca P 
HCl 0.93 0.93 -2.98 -3.19 
HNO3 0.89 0.93 -3.05 -3.27 
HClO4 0.48  -3.24  
H2SO4 0.63 0.62 -3.20 -3.43 
H3PO4 0.46  -3.46  


















 Rotating mineral disc studies provide kinetic data comparable with particle leaching 
 High acid concentrations facilitate FAP leaching by protonation of anions in 
Ca5(PO4)3F 
 Association of NO3
-, Cl-, SO4
2-  and HPO4
2- with major/minor cations also facilitate 
FAP leaching 
 Leaching in  HClO4 is influenced by H3PO4 and HF formed from FAP 
 Slow leaching/precipitation of REEs in phosphoric acid facilitates selective leaching 
of FAP 
ACCEPTED MANUSCRIPT
